The effect of synchronization on the test results is explored by performing dynamic tensile tests on several continuous-fibre composite laminates. The results show that synchronization is key, because a delay of a single microsecond significantly affects the test outcome at high strain rates. Additionally, several upper limits on the maximum achievable strain rate of the experimental set-up are determined with the aid of a finite element model. These limits depend on the characteristics of the used equipment, the properties of the tested material and the chosen specimen dimensions.
Introduction
Car manufacturers are looking into the replacement of structural vehicle parts by composite alternatives. To ensure passenger safety during impact as well as a cost-effective design process, dynamic simulations of crashworthiness are a must to reduce the amount of testing. These simulations need to make use of rate-dependent composite material models, because the mechanical properties of composites vary with strain rate [1] . Still, testing is necessary to provide full stress-strain curves at strain rates from quasi-static up to about 200 s −1 [2] for identification of the different parameters of these models.
Typically dynamic tension experiments are carried out using (i) a standard test bench close to its high velocity limit; (ii) a drop-weight tower with some mechanism to convert the impact load to tension; (iii) a hydraulic pulse machine; or (iv) a SHPB set-up with a special striker mechanism to produce a tensile strain wave [1] . In this work, a hydraulic pulse test bench is used to generate the required test data because it is currently the only equipment which allows testing in the full range of required strain rates without the need for a change in equipment or method.
Testing materials at high rates is challenging, especially for small strains to failure where the test duration can reduce to only tens of microseconds. The data acquisition becomes a critical factor in obtaining correct results. Synchronization of stress and strain should be achieved to only a fraction of the test duration if the resulting stress-strain curve is to be trusted. Additionally, the bandwidth and frame rate limits of the amplification and acquisition equipment can influence the results. Finally, the test duration can approach the period of the natural frequency of the load cell and/or the time needed for stress waves to progress through the specimen, in which case the curves can start to show oscillations unrelated to the material constitutive behaviour. It is of utmost importance to quantify the limits posed on the achievable strain rate by the experimental set-up to achieve reliable results which can be used with confidence as an input for predictive simulations.
Materials
Two composite material systems were subjected to dynamic tension in this re-search. The first is Pyrofil™ TR/360 carbon/epoxy, where the epoxy is curing modified to cure in under 5 min above 140 °C. Both a UD variant (TR 360E250S) and a plain weave variant (TR3110 360GMP) were used for the current research. The second material investigated is Cetex TC910 E-glass/polyamide-6 composite, also in two variants: a UD and a twill woven architecture. Both systems are relevant for the automotive industry. Laminates with maximum 50% fibres in the 0°-direction were tested using a dumbbell specimen shape which is a scaled version of De Baere et al. [3] (Figure 1 ). 
Experimental Method
An Instron VHS z25/20 test bench was used to for the experiments, which can generate a force of 25 kN at up to 20 ms −1 . A slack rod connects the piston to the bottom grip to allow the piston to accelerate before pulling on the specimen. See also Figure 3 for the specimen gripping of the set-up on the left, where the top of the slack rod is shown on the bottom, connected to the bottom grip.
Force was measured using a Kistler 9061A 200 kN piezoelectric load cell (see also top left in Figure  3 ) and a Kistler 5011B Charge Amplifier with a bandwidth of 200 kHz. Strain was measured using strain gauges or digital image correlation (DIC), or both. General-purpose 350 Ω CEA-06-250UN-350 gauges by Vishay Precision Group were used to measure strain on the rear side of a specimen, the front was speckled black on a white background using a general-purpose matte spray paint.
The strain gauge was connected to a Vishay 2100 signal conditioning amplifier set at its maximum bandwidth of 35 kHz. A Photron SA-4 high-speed camera (HSC) was used to capture the strain optically using 2D-DIC. The camera recorded at its maximum of 500,000 frames per second for the shortest tests, reducing the image size to 128 × 16 pixels. This low resolution forced averaging of the data over a selected area. Slower tests were recorded at lower frame rates and increased image dimensions to reduce the noise on the DIC results.
Data was recorded using a 100 M Samples s −1 measurement card in a HBM GEN5i digital oscilloscope with a bandwidth of 26 MHz. The force measurement was used to trigger the HSC.
Results and Stress-Strain Synchronization
The output of multiple different measuring systems needs to be synchronised. For the current research, force is measured by a quartz transducer and strain using strain gauges and/or DIC. Typically, publications about dynamic tensile testing contain no information about data stream synchronisation, nor do the standards. Two minor exceptions are found. The first is the SAE J2749, in which it is stated that the data streams may need to be reconciled because of a measurable time lag [4] but gives no mention about how this should be done or what is the origin of this lag. The second is a recent publication in which optical strain measurement was applied for dynamic tensile tests on a woven glass/vinylester composite where load and strain data were manually synchronized [5] .
The only option is to analyse the delay of each component in the chain of data acquisition to allow for an automatic synchronization [6] . Both the start or the end of the test are namely not discrete enough at high speed to be used to accurately align the data streams.
The difference is dramatic. The results for high-rate C/E 90° UD suggest a strong rate effect when synchronized on the start (Figure 2a) , while the accurately synchronized results (Figure 2b ) reveal that the high-rate results are actually no longer trustworthy. This is due to the surpassing of several upper limits on the strain rate, as explained in Section 6. 
Finite-Element Modelling
To investigate how dynamic effects influence the results without uncertainty about the measurement delays, a 3D finite element (FE) analysis was carried out. The geometry of the model is shown to the right in Figure 3 and modelled after the dynamic tension set-up shown to the left in the figure. All parts except the specimen were given the linear elastic properties of steel. The specimen was given the linear elastic material properties to model a # 0/90 laminate by giving it the values of the MESI-model from reference [7] . All parts were connected by a tie condition on the mating surfaces. The top of the load cell was restricted in vertical motion. A smooth displacement ramp was applied to the bottom surface of the bottom grip support block using a sinusoidal formulation with different frequencies to match the different test speeds. The model was discretized into 34,952 reduced-integration hexahedral elements. An explicit solver was used to run the model, using the default values for bulk damping. Stress and strain were computed from the simulation results in a similar fashion as was done during the experiments. Conclusions drawn from simulations at different speeds are given in the next sections.
Limits on Maximum Strain Rate
Five aspects were identified which limit the maximum strain rate at which a certain lay-up can be successfully tested using the current method [6] . Most depend on the test duration , which can be approximated by dividing the strain to failure fail by the strain rate. Given that the smallest failure strain in the current research is 0.6% (from the manufacturer's data sheet for C/E 90° UD) and the highest requested rate 200 s −1 , this gives the minimum test duration of min = 30 μs.
Test Bench Capability
Perhaps the most obvious limit in strain rate stems from the maximum speed at which the test bench can be operated. The theoretical strain rate can be obtained by dividing the maximum speed of the test bench max by the gauge length
[8], though it is known that this overestimates the obtained rate [5] . It was established that in the worst-case, the difference amounts to a factor = 0.5 for the current research, so this limit on strain rate can be written as:
Equipment Frequency Response
Any signal conditioning or amplifying device should be capable of handling sufficiently high frequencies. The SAE recommended practise for high strain rate tensile testing of polymers advises ten times the approximate maximum signal frequency, which is determined by assuming the shortest test resembles a quarter of a sine up to the yield point [4] , which is taken here as the failure point. The output of the FE-model described in Section 5 was filtered using various Butterworth filters at different strengths to mimic the effect of a limited bandwidth on the results. The SAE requirement was found to hold: only the results filtered with cut-off frequencies above the advised minimum bandwidth were equal to the unfiltered result. Hence, a limit on maximum strain rate can be formulated based on the bandwidth of amplifying equipment:
Maximum Frame-or Sample Rate
The oscilloscope poses no problem in terms of sample rate at the rates of interest, because it acquires data much faster than the advised lower limit [8] . The highest frame rate cam of 500,000 fps for the HSC, however, does approach the lower limit of what is still acceptable. The condition is posed here that a minimum of min = 50 data points are needed for the stress-strain curve, leading to an average error of 1% on the maximum strain for fully brittle materials tested at constant strain rate. This condition can be written as a limit for the maximum strain rate as:
Load Cell Ringing
The load measurement system has a natural frequency ringing at which it 'rings.' For the current setup, the post-failure response of a brittle showed that the load train rings at approximately 10.5 kHz. Below a certain test duration, the ringing starts to influence the results. Oscillations will appear, which do not represent actual material behaviour. The FE-model described in Section 5 shows the same behaviour. When the test duration remains larger than ten times the period of load cell ringing, the results are practically free of oscillations. This can be written as:
fail ringing (4)
Approximate Equilibrium
At high speeds, the strain (or stress) no longer has the time to evenly distribute itself over the specimen. At some point, this invalidates the assumption of force equilibrium onto which the test relies, because the strain is measured in the middle of the specimen and the load in the load cell above the specimen. The FE-model shows that the effects become noticeable when the test duration drops below the time needed for a pulse to travel three times back and forth from end to end in the specimen. This also matches the condition posed by Xiao based on established research on SHPB testing [9] . This condition leads to the last upper bound in strain rate, which depends on the specimen length , the failure strain and the speed of sound in the tested material. Assuming a constant strain rate, the relationship becomes as follows:
If this limit would be surpassed, the stress will lag behind the strain. This is exactly what happens in Figure 2b , making the fast result appear below the quasi-static one.
Limits Quantified
Using the material, specimen and equipment properties given above, the equations in the previous subsections can be employed to provide numbers for the maximum strain rate for which reliable results can be obtained. The speeds of sound of the composites have been obtained with the use of contact ultrasonics on small blocks of material, leading to values of 2841 ms −1 for the C/E 90° UD, 6015 ms −1 for the C/E # 0/90 and 2821 ms −1 for the G/PA-6 90° UD. Table 1 summarizes the limits on strain rate due to the various described reasons. Clearly, the load cell ringing (column d) poses the most stringent limit on test speed. It needs to be noted, though, that surpassing this limit does not immediately render the results useless, though the oscillations should not be mistaken for material behaviour. Moreover, the limits for materials with a larger strain to failure (like quasiisotropic or ±45 layups) are significantly higher. 
Conclusions
A dynamic tensile test campaign has been carried out on various composite laminates. It was found that synchronization is key for high-rate testing, as a wrong synchronization method can lead to a false sense of rate-dependency. Finite-element modelling was used to quantify the limits of several aspects on the maximally attainable strain rate. It was found that the strain to failure is present in most conditions, making that the brittlest materials are hardest to test at high rate. Ringing of the load cell poses the strongest limitation on high rate testing, and should thus be the first candidate to improve if one intends to push the boundaries of this test method. 
